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Summary
Objective: In this longitudinal MR study the early stages of joint pathology in two surgically-induced rabbit models of osteoarthritis (OA) were
monitored by in vivo contrast-enhanced MRI at 7.1 T. Qualitative and quantitative MR data were compared with macroscopic and
microscopic findings.
Method: Scanning of mature, male New Zealand White rabbits (N=12) was performed before surgery, and at 2, 4, and 8 weeks after
unilateral transection of the anterior cruciate ligament (ACLT), medial meniscectomy (ME), or sham operation. MR-images were
simultaneously obtained of both knee joints after intravenous injection of Magnevist™. We implemented a 2D T1-weighted (T1w) coronal,
fat-saturated gradientecho protocol (68×138 µm2, slice thickness 1 mm). Additionally, consecutive 3D gradientecho images were obtained
from two sham-operated and two rabbits of the ME group (234×273×234 µm3). ACLT animals were sacrificed at 2 weeks (N=1), and 8 weeks
(N=3), ME animals were sacrificed at 4 weeks (N=2), and 8 weeks (N=4), and sham-operated animals were sacrificed at 2 weeks (N=1) and
8 weeks (N=1), respectively.
Results: Both OA models reflected important characteristics of the clinical picture of OA. With MR we were able to monitor time dependently
the decline of synovial effusion and the formation of osteophytes. Morphologic MR examination showed a moderate to high accuracy for
detecting synovial effusion (75%), meniscus (86%) and cruciate ligament (91%) lesions, and osteophytes (88%) as assessed by
macroscopic examination. False-negative MR findings for gross macroscopic changes were due to the relative high slice thickness in 2D
scans and the fact that the slices only covered the main weightbearing area of the femorotibial joint. Contour abnormalities of articular
cartilage were not reliably detected. Quantitative analysis revealed a statistically significant increase of cartilage signal intensity in medial
tibial cartilage (48±9 % ACLT, and 29±9 % ME in 2D datasets) as compared to contralateral control knees in two-week scans. Signal
enhancement persisted or increased at later dates.
Conclusion: With high-resolution contrast-enhanced MRI at 7.1 T the time course of gross pathologic changes in rabbit knees with surgically
induced OA can be monitored. Still insufficient spatial resolution and image contrast of the applied 2D protocols limit the sensitivity and
prohibit detection of articular cartilage contour abnormalities. However, signal alterations in the cartilage layer indicate alterations of tissue
composition at a very early stage of OA development.When used with 3D protocols, contrast-enhanced MRI offers a promising tool for
qualitative and quantitative in vivo monitoring of OA in rabbit models.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Degenerative joint diseases like osteoarthritis (OA) belong
to the most frequently occurring diseases1. Research
towards an effective treatment of OA is hampered by the
lack of diagnostic tools for assessing very early stages of
the disease when pathology is likely to be reversible and/or
progression can be decelerated2.
Magnetic resonance imaging (MRI) is emerging as a
reliable and accurate diagnostic tool for the assessment of
OA. MRI is non-ionizing, non-invasive, offers multi-planar
capabilities, and provides superior depiction of soft-tissue
detail. Unlike other imaging modalities, MRI is capable of
directly visualizing all components of the joint simul-
taneously. MRI techniques have been proposed for assess-
ing cartilage volume and thickness3–5, and cartilage
composition6–8. In the clinical setting at present 1.0 T to
1.5 T magnets are commonly used. For research purposes,
especially when small structures are to be imaged, e.g. for
small animal imaging, higher magnetic field strengths are
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preferred. With the higher field strength signal-to-noise
ratio and contrast increase, and consequently higher spa-
tial resolutions at reasonable scan times are obtainable.
The use of MRI in experimental animal studies allows the
evaluation of the technique for the diagnosis of joint dis-
eases and thus the establishment of non-invasive methods
for therapy monitoring in pharmaceutical research. MRI
offers several benefits over the established biochemical
and histological tools: in contrast to invasive methodologies
it allows disease progression to be monitored over time in
individual animals, and thereby reducing data variability
and thus sample size since intra-animal comparisons can
be made instead of inter-animal comparisons.
Qualitative morphological MRI has been performed on
a number of OA animal models9–15. As used in the
majority of these studies, the MRI methodology was of
limited use for in vivo studies, because it had been
optimized for high resolution and superior image quality
resulting in excessive scan times16–21. Only few studies
focus on the accurate identification of the very early
pathological changes in articular cartilage: swelling, and
alterations of its ultrastructure and composition, that pre-
cede the loss of the cartilage layer and bony changes.
Only a few of the reported MRI animal studies included
quantitative data14,22–24.
In addition to morphology, the biochemical status of
tissues can be assessed using specific MRI techniques. T2
relaxation and magnetization transfer effects are mainly
dependent on collagen integrity7,8,25–27. In vitro and in vivo
studies on human articular cartilage suggest that the spatial
distribution of T1 relaxation in articular cartilage in the
presence of GdDTPA, reflect the in vivo proteoglycan
distribution28,29.
The present study explored the applicability of custom-
made MR protocols to monitor early changes in OA animal
models, and is part of a comprehensive rabbit study evalu-
ating surgical methods as meniscectomy (ME) and cruciate
ligament transection (ACLT) vs sham operation and con-
tralateral non-operated joints. We used in vivo contrast-
enhanced 2D and 3D MRI with GdDTPA at 7.1 T for serial
qualitative and quantitative examination of disease pro-
gression in rabbit knee joints in these frequently-used and
well-accepted animal models. Both models closely resem-
ble post-traumatic human OA as a consequence of altered
load distribution and joint destabilization. The pathogenesis
has previously been described in a variety of species by
histological and biochemical means30–36. However, a direct
comparison of the published data, and thus the identifi-
cation of markers for disease outcome, is difficult because
the surgical techniques employed varied considerably37.
Longitudinal MRI data were collected during 8 weeks
after surgically induced OA, a time window representing the
early phase of joint degeneration, and were compared with
the results of the macroscopic examination.
Materials and methods
ANIMALS
Twelve male New Zealand white rabbits, weighting 4.5–
5.8 kg, were studied (see Fig. 1). Animals were only
included if they were skeletally mature as checked by plain
radiography. We performed either an unilateral open com-
plete medial meniscectomy (ME, N=6) or a transection of
the anterior cruciate ligament (ACLT, N=4) on the right knee
joints, both surgeries under direct view after medial
arthrotomy. Two animals were subjected to sham surgery,
which consisted of unilateral medial arthrotomy on the right
knee joints with the same exposure as in ME and ACLT
animals. When sacrificed at 2 (sham-operated N=1, ACLT
N=1), 4 (ME N=2), or 8 weeks after surgery (sham-
operated N=1, ACLT N=3, ME N=4), both hind legs were
disarticulated and stored frozen for future macroscopic and
histologic examinations.
MRI EXAMINATIONS
Rabbits were scanned before, and at 2, 4 and 8 weeks
after surgery, respectively (see Fig. 1). All imaging exper-
iments were performed on a BRUKER 7.1 Tesla horizontal
Fig. 1. Experimental design: 12 mature male rabbits were studied. Serial 2D MR examinations were performed before surgery and at
different time points after surgery. Stars indicate that sham-operated animals and two rabbits of the ME group were additionally subjected
to 3D imaging.
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bore magnet (Biospec Avance 70/30, Karlsruhe, Germany).
Spectrometer control and data analysis were performed
with the Software Paravision (version 2.1). A custom-built
half-bird-cage coil (Center for Magnetic Resonance, The
University of Queensland, Brisbane, Australia) was used to
simultaneously image both knee joints.
Rabbits received a local Lidocain anesthesia prior to the
administration of Magnevist™ (0.5 M aqueous solution,
Schering AG, Germany) as a bolus injection (0.5 ml/kg) into
the lateral ear vein. In order to achieve an optimal accumu-
lation of the contrast agent in knee joint cartilage we
subsequently permitted free cage activity by the animals38,
but therefore obtained no pre contrast images. The time
delay for post contrast imaging after intravenous injection is
short compared to human MR-arthrography. The rabbit’s
body size and circulation result in a much faster distri-
bution of contrast agent (data not shown)39. Animals were
anesthetized 20 min later by intramuscular injection with a
combination of Ketavet (0.5 ml/kg, 25 mg/kg body weight)
and Rompun (0.25 ml/kg, 5 mg/kg body weight) and were
scanned immediately. Rabbits were placed supine with
both legs stretched in a custom-built plexiglas-bed with the
coil fixed to it. The axial and sagittal components of a
3-plane localizer (see Fig. 2) were used to prescribe six
contiguous coronal slices covering the weightbearing areas
of the femorotibial joints of both knees for 2D scans, and to
prescribe a volume covering the entire knees for 3D scans,
respectively. Due to the knee joint geometry in the coronal
view the femorotibial articulating surfaces are almost
perpendicular to the main magnetic field in contrast to
the sagittal view where the cartilage surface follows the
curvature of the femoral condyles. Consequently, in the
coronal view the collagen fibers have a defined orientation
relative to the main magnetic field Bo (i.e. perpendicular to
Bo in the surface layer and parallel to Bo in the radial zone),
and the impact of the Magic Angle artifact on the signal
intensity is the same for the cartilage depicted in one slice.
A standard Bruker 2D gradientecho pulse sequence with fat
suppression and application of a short echo time (TE) was
used. We obtained two differently T1w images. The opti-
mized imaging parameters were as follows: Repetition time
TR=200/800 ms (images were obtained in this order),
echo time TE=6.7 ms, flip angle =50°, four acquisitions,
resulting in a scan time of 6:49 and 27:18 min, respectively.
Fig. 2. The axial and sagittal components of a 3-plane localizer were used (a) to prescribe 6 contiguous coronal slices covering the
weightbearing area of the femorotibial joint of both knees. (b) For 3D scans we prescribed a volume covering the entire joint.
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We used an imaging protocol with a slice thickness of 1 mm
and an in-plane resolution of 68×138 µm2. A 3D gradient-
echo protocol was additionally applied for two sham-
operated and two ME rabbits: TR=25 ms, TE=4.8 ms,
=60°, 4 acquisitions, scan time 8:49 min, resolution in
plane 234273 µm2 and 234 µm slice thickness. Total scan
time per animal including contrast agent application,
anaesthesia, positioning and localizer was approximately
1 h.
ANALYSIS OF MR DATA
The dominant effect of MR contrast agents is to increase
the signal intensity of tissue containing the agent. This
holds for reasonable (and safe) concentrations of para-
magnetic agents up to 1 mmol/l40, which do not sizably
decrease tissue’s short T2 relaxation, but mostly shorten
T1 relaxation. Signal increase is dependent on the pulse
sequence and the sequence parameters applied. Signal
increase is most pronounced when using T1w protocols.
Thus, areas where the image contrast was enhanced due
to contrast agent accumulation appeared more prominent
at TR=200 ms, although the overall S/N-ratio was worse at
lower repetition time. 2D images (TR=800 ms) and 3D
images were used for qualitative morphologic assessment,
and results were compared to macroscopic findings. We
recorded the occurrence of articular cartilage lesions on the
medial and lateral tibial plateaus (N=48). The integrity of
the medial and lateral menisci (N=42=48 – 6 dissected)
and the cruciate ligaments (N=44=48 – 4 dissected) was
documented. We noted effusion in the joints (n =24) and
the occurrence of osteophytes on the medial and lateral
femur condyles and tibia plateaus (N=96).
Additionally, the effect of intravenous contrast agent
application on articular cartilage signal intensity of the
medial and lateral tibial plateau was quantitatively
assessed in TR=200 ms scans and 3D datasets. For 2D
scans regions of interest (ROI) in the articular cartilage
layer were selected manually in zoomed images of all
slices. For 3D scans articular cartilage was semi-
automatically segmented using image processing software
Amira™. Mean signal intensities, standard deviation, maxi-
mum, and minimum values were determined. Absolute
values were normalized to account for signal decrease due
to increasing distance from the coil in consecutive slices.
Absolute signal intensity values of before surgery scans
generally were lower as compared to signal intensities at
later scan times due to shimming problems. Consequently,
we calculated relative signal changes vs contralateral
knees ((SIoperated−SInon-operated)×100/SInon-operated) and did
not assess signal alterations vs before surgery scans. For
2D data paired Students t-test was performed to test the
significance of relative differences of signal intensity
between contralateral knees in the ME and ACLT group
before, and at 2, and 8 weeks after surgery.
MACROSCOPY AND HISTOLOGY
Hind legs were thawed, knee joints opened, and
articular surfaces subjected to photographic documen-
tation. Grading of articular cartilage surface was performed
by specifically evaluating a nine-area grid of each medial
and lateral tibia plateau (0=normal, 1=focal surface rough-
ness, 2=widespread surface irregularity, 3=beginning sur-
face fibrillation, 4=severe surface fibrillation, 5=beginning
erosion, 6=severe erosion, 7=slight ulceration, 8=severe
ulceration). Additionally, the integrity of medial and lateral
menisci and cruciate ligaments, the occurrence of joint
effusion and of osteophytes on medial and lateral femur
condyles and tibia plateaus were recorded. After fixation in
4% paraformaldehyde, and decalcification in EDTA, 3 mm
coronal cartilage-bone slices from the central weightbear-
ing area of the tibial plateau were embedded in paraffin.
Cartilage sections (4 µm) were stained with Haematoxylin-
Eosin (HE) and the proteoglycan specific dye Safranin
O/Fast Green. Synovial tissue samples were directly
embedded after fixation. Synovial tissue was stained with
HE and Chloroacetate esterase to detect neutrophil granu-
locytes, and thus to identify acute inflammations41. A
detailed semiquantitative histologic grading was not part of
the presented study. Histologic outcome thus was used for
qualitative characterization of the severity of induced
pathologic alterations.
Results
QUALITATIVE MORPHOLOGIC ASSESSMENT
MRI
MRI appearance before surgery did not significantly differ
between contralateral knees. Fig. 3 representatively shows
one slice of a 2D dataset obtained with TR=800 ms and a
multiplanar reconstruction (MPR) of a 3D dataset. The
articular cartilage showed intermediate, homogeneous sig-
nal intensity with reliable contrast to low signal menisci and
subchondral bone. Magic angle effects were negligible due
to the short TE used in our imaging protocol. Directly
opposing articular cartilage surfaces were barely discern-
ible due to the small amount of signal-enhanced synovial
fluid in the joint space of non-operated knees. In the fully
extended joint position, the tibial cartilage layer appeared
almost three-times thicker than the opposing cartilage layer
of the femoral condyles. The latter was only 1-2 pixel thick.
Although the in plane resolution was slightly worse in 3D
images, boundaries between cartilage and adjacent tissues
were easier to discriminate as compared to the 2D images
due to the almost 5-fold lower slice thickness in volumetric
datasets. Muscles exhibited intermediate signal intensity.
Trabecular bone structures within femoral condyles and
tibial heads were partly obscured by the use of fat suppres-
sion and by T2* effects. Epiphyseal cartilage was not
discernable, which is in good agreement with the radio-
graphic determination of growth plate closure at the onset
of the study. Sham-operated knees did not show specific
pathologic changes at any time except a surgically induced
slight joint effusion (data not shown). The non-operated
contralateral knees of all: ACLT, ME, and sham animals
remained unchanged throughout the study. Two weeks
after ACLT and ME a prominent overall signal enhance-
ment and severe joint effusion became apparent in the
operated knees (see Fig. 4 first row). For all animals, the
transection of the anterior cruciate ligament or the absence
of the medial meniscus, respectively, were clearly evident
in 2D and 3D scans. Soft tissue swelling and synovial
effusion had almost disappeared at 4 weeks after surgery in
the ME group but were still prominent for the ACLT group in
8 week scans (see Fig. 4 second row). The signal intensity
of the cartilage layer was increased and less homogeneous
in operated knees in week 2 scans onwards (see Fig. 5 and
Quantitative assessment). Signal abnormalities of the car-
tilage layer were limited to the medial joint site in three of
six ME rabbits in 2 week scans. No contour abnormalities of
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articular cartilage surface were discernable at 2 weeks after
surgery. At 8 weeks after surgery focal cartilage lesions
were suspected at the medial tibia plateau of three ME and
one ACLT knee (see Table I). Meniscal tears were detected
in the operated knees of two of three rabbits in the ACLT
group. In 8 week scans regrowth of menisci was discern-
able in two of four ME rabbits. Osteophyte formation was
observed in 8 week scans, predominantly at the medial
joint margins of femur and tibia (Fig. 4), their number and
size being smaller in the ME (1 in 4 operated knees) than in
the ACLT (seven in three operated knees) group.
Macroscopy
Joint swelling and effusion of the operated knees were
prominent at 2 weeks after surgery for all animals but
subsided at 4 weeks in the sham and ME group. In
contrast, ACLT rabbits still showed soft tissue swelling,
increased synovial fluid volume, and slightly bloody syno-
vial fluid at 8 weeks after surgery. All specimen from the
ACLT group exhibited complete transection of the right
knee joints’ ACL. Occasionally, the stump close to the tibial
joint side grew together with the posterior ligament. Medial
menisci had tears, or were totally distorted at 8 weeks after
ACLT. Both ME rabbits sacrificed at 4 weeks post surgery
showed a complete removal of medial meniscus. The
beginning of meniscus regeneration from the rim of the
medial tibial plateau was observed in all animals (N=4)
sacrificed 8 weeks post surgery. Generally, tibial articular
cartilage not covered by menisci, and corresponding
weight-bearing femoral cartilage of all (operated and non-
operated) knee joints exhibited surface alterations close to
Fig. 3. MR images were obtained from both knee joints at once. Before surgery MR appearance did not significantly differ between
contralateral knees. (a) 2D slice, (b) MPR of a 3D data set. p = phantom tube filled with 1 mM GdDTPA.
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the cruciate ligament insertion (Fig. 4 third row). The
maximum grade (see Table I) did not exceed 5 in non-
operated knees (media N=4) with in average 6 affected
areas on the medial joint site and 2 affected areas on the
lateral joint site. The incidence and severity of cartilage
lesions, and also the number of affected areas per 9-area
grid were increased in meniscectomized, and in ACLT
knees (Fig. 4 third row, Table I). Macroscopic grades were
generally higher on the medial site as compared to the
lateral site in the ME group. Cartilage damage tended
to occur more symmetrical in the ACLT group. Severe
cartilage erosions in operated knees were only observed
occasionally at 8 weeks after surgery, typically on the
medial rather than on the lateral tibial plateaus (see
Table I). ACLT and ME rabbits sacrificed at 8 week post
surgery showed small osteophytes predominantly at the
anterior and posterior margins of medial tibial plateaus and
medial femoral condyles.
Synopsis
The diagnostic performance of the 2D MRI protocol for
assessment of gross pathologic alterations in rabbit knee
joints is illustrated in Table II. MR showed a high sensitivity
(100%) and a moderate accuracy (75%) for diagnosis of
synovial effusion. In contrast to the macroscopic findings
however, MR examination still revealed slightly increased
synovial fluid volumes in operated knees for all ME rabbits
sacrificed at 4 (N=2) and 8 (N=4) weeks. No false-positive
findings of menisci and cruciate ligaments integrity were
made. However, 6 of 8 meniscal tears and 4 of 5 ligament
lesions were overlooked on MR images. Osteophytes were
detected with high accuracy (88%) on 2D MR images.
Osteophytes at the anterior and posterior joint margins
were outside the field of view, because 2D slice packages
only covered the weight bearing area of the knees. Two
false-positive osteophyte findings were recorded. Articular
Fig. 4. Consecutive 2D MR images of two rabbits subjected to ME (left hand side) and ACLT (right hand side). Scanning was performed at
2 weeks (first row) and 8 weeks (second row) after surgery. Third row shows corresponding macroscopic photographs obtained at 8 weeks
after ME (left hand side) and ACLT (right hand side). Swelling and joint effusion were prominent at 2 weeks after surgery. At 8 weeks after
surgery effusion had almost dissappeared in ME knees (a), but was still prominent in ACLT knees (b). Note the osteophyte formation at the
peripheral margins of the tibial plateaus and the medial femoral condyle (red arrows). The weight bearing areas of the tibial plateaus
generally showed focal areas with surface roughness as delineated in blue. The size of the affected area and the severity of cartilage lesions
were higher in operated knees. Cartilage damage tended to occur more symmetrically after ACLT.
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cartilage lesions were not reliably detected. Four of 48 MRI
findings were concordant with the positive macroscopic
diagnosis. In these cases maximum macroscopic grade
was at least 5 with 7 or more areas of the 9-area grid being
affected (see Table I).
Histology
Histologic examination supported the ‘early OA-like’
characteristics of the surgically induced pathology in the
rabbit knee joints in the time frame studied. In general,
articular cartilage from the weightbearing areas of the tibia
plateaus had a relatively smooth surface with slight irregu-
larities and single clefts at the medial site close to the
cruciate ligament insertion. Proteoglycan specific staining
with Safranin O was homogeneous with diminished inten-
sity in the superficial layer. Articular cartilage thickness
was generally highest at the central medial tibial plateau.
Irrespective of the mode of surgery, the cartilage layer in
this area appeared slightly swollen, and surface irregu-
larities were occasionally seen. Surface alterations
occurred more frequently in operated knees. Proteoglycan
loss was observed in the surface and transitional layer,
predominantly on the medial and central tibial plateau and
close to surface irregularities and clefts. Regions with
surface deterioration exhibited a diminished cellularity, and
at sites of higher severity cell clones were visible. In
contrast, areas of preserved structural integrity exhibited
normal proteoglycan specific staining. Lesions predomi-
nantely appeared on the medial joint site. In the ACLT
group, medial and lateral sites tended to be equally
affected. At the peripheral medial joint margins, small
Fig. 5. Zoomed MPRs of (a) a control and (b) a meniscectomized knee of one rabbit at 4 weeks after surgery. Note the increased,
heterogeneous signal intensity of the medial tibia plateau cartilage in the operated knee (arrow).
Table I
Macroscopic grading of the right tibia plateau articular cartilage surfaces and the median of all non-operated contralateral knees. We
recorded the maximum grade, the number of affected areas, and the score sum of a 9-area grid covering the medial and lateral tibia plateau,
respectively
Articular cartilage lesions right tibia plateau Maximum grade Number of affected areas Score sum
Medial* Lateral Medial* Lateral Medial* Lateral
ACLT 4948 7 5 7 2 35 10
ACLT 4968 5 4 7 3 31 14
ACLT 4919 6 4 5 3 30 12
ACLT 6380 4 3 5 3 36 6
ME 4971 5 4 9 2 42 7
ME 4904 5 3 6 2 25 6
ME 4937 5 4 6 4 29 15
ME 4913 5 3 9 1 38 3
ME 6371 6 5 9 1 40 5
ME 6386 5 4 7 1 31 4
SHAM 6327 6 1 5 1 12 1
SHAM 6356 1 1 5 1 5 1
Median non-operated knees (N=12) 4 1 6 2 17 3
*Bold numbers indicate anatomic sites with concordant positive MR findings.
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osteophytes were common pathologic manifestations in
both OA animal models at 8 weeks after surgery. Occasion-
ally, osteophyte growth was also observed at the peripheral
medial tibial plateau of contralateral knees. Synovial tissue
was slightly activated and appeared multilayered and con-
densed. The occurrence of an acute inflammation in some
persistingly swollen knee joints was ruled out by negative
testing for neutrophil granulocytes.
QUANTITATIVE ASSESSMENT
Before surgery the mean and maximum signal intensities
in medial and lateral tibial cartilage of left and right knees
were in the same order of magnitude. The differences in
mean signal intensity averaged 10±18% (−19–28%) and
in maximum signal intensity averaged 8±18% (−10–35%)
between contralateral knees, respectively. Table III sum-
marizes the quantitative results. In ACLT animals, a statisti-
cally significant initial increase of mean signal intensity vs
contralateral knee of 48±9% (P<0.05) on the medial site
and 59±7% (P<0.01) on the lateral site was determined. In
ME animals, the increase of articular cartilage’s signal
intensity was less pronounced after 2 weeks with 29±9%
(P<0.01) on the medial and 26±30% on the lateral site. For
the lateral site, the signal increase after meniscectomy was
not significant. Signal enhancement persisted or became
Table II
Results of 2D MR-imaging in identifying gross macroscopic findings
Macroscopy MRI %
Synovial effusion No Yes Total Sensitivity 100
No 15 6 21 Specificity 71
Yes 0 3 3 Accuracy 75
Total 15 9 24 Prevalence 13
Menisci Normal Damaged Total Sensitivity 25
Normal 34 0 34 Specificity 100
Damaged 6 2 8 Accuracy 86
Total 40 2 42 Prevalence 19
Cruciate ligaments Normal Damaged Total Sensitivity 20
Normal 39 0 39 Specificity 100
Damaged 4 1 5 Accuracy 90
Total 43 1 44 Prevalence 11
Osteophytes No Yes Total Sensitivity 44
No 76 2 78 Specificity 97
Yes 10 8 18 Accuracy 88
Total 86 10 96 Prevalence 19
Cartilage lesions No Yes Total Sensitivity 8
No 0 0 0 Specificity —
Yes 44 4 48 Accuracy 8
Total 44 4 48 Prevalence 100
Table III
Relative changes (%) of mean cartilage signal intensity between operated and contralateral non-operated knees in 2D (medial and lateral)
datasets; only the cartilage layer of the tibia plateaus was used for quantitative analysis
[%] Before surgery 2 Weeks 4 Weeks 8 Weeks
Medial Lateral Medial Lateral Medial Lateral Medial Lateral
ACLT 4948 25 22 53 53 — — 55 83
ACLT 4968 14 29 35 69 — — 2 −1
ACLT 4919 6 −18 52 56 — — 53 42
ACLT 6380 No No 51 57 — — — —
ACLT mean±SD 15±10 11±25 48±9* 59±7** 37±30 41±42
ME 4971 23 20 23 71 — — 40 62
ME 4904 −19 59 38 17 — — 57 45
ME 4937 −7 −1 36 4 — — −4 −10
ME 4913 28 9 23 −3 — — 23 −1
ME 6371 16 –8 35 na 11 10 — —
ME 6386 3 2 17 41 17 34 — —
ME mean±SD 7±18 14±24 29±9** 26±30 14±4 22±17 29±26 24±35
SHAM 6327 11 −2 12 10 — — — —
SHAM 6356 19 −5 19 17 5 −15 na na
SHAM mean±SD 15±6 −4±2 16±5 14±5 5 −15 — —
*Significance level P<0.05, Student’s paired t test.
**Significance level P<0.01, Student’s paired t test.
—=Not measured.
na=Not analysable.
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more prominent in the majority of rabbits at later time
points. No signal modulation was observed in sham-
operated rabbits at any time. Signal intensity differences
determined in 3D datasets were less pronounced as com-
pared to 2D data. In two ME rabbits (ME 6371 and ME
6386) we found a signal increase vs. contralateral non-
operated of 11% in the whole tibia plateau cartilage at
2 weeks and 11% and 19% at 4 weeks after surgery.
Relative signal changes between contralateral knees in 3D
datasets of the two sham-operated rabbits remained below
5% before surgery and at 2, 4, and 8 weeks after surgery.
Discussion
To our knowledge for the first time disease progression
was continuously assessed in vivo by MRI at 7.1 T in
parallel in two OA rabbit models. Consecutive contrast-
enhanced high-resolution MR imaging with intravenous
administered GdDTPA was performed before and at differ-
ent time points after surgical induction of OA. Our long term
goal is to find the suitable MR protocol and the appropriate
MR parameters for monitoring early OA in animal models.
We combined a qualitative MR examination of the mor-
phologic parameters: synovial effusion and osteophyte
formation, meniscus and ligament integrity, and the
status of the articular cartilage layer, with a quantitative
analysis of signal intensities of cartilage. The study was
complemented by the terminal macroscopic examination.
With a spatial resolution of 68×138×1000 µm3 for 2D and
234×237×234 µm3 for 3D imaging, respectively, the reso-
lution employed in this study is amongst the highest of
published MR animal studies9,17,18,26,27,39. A high resolu-
tion is crucial for this type of study because of the small
joint structures in the rabbit knee. At 7.1 T we achieved a
reasonable image quality within approximately half an hour
scan time for the 2D protocol and less than 10 min for the
3D protocol. The entire MRI examination was performed in
approximately one hour and thus was well tolerated by the
rabbits. Approximately six MRI examinations of this length
could easily be performed per day in routine pharmacologic
testings.
At two weeks after surgery we were able to confirm for all
animals that the surgery had been correctly performed.
Particularly for alternative, ‘blind’ surgical techniques (e.g.
stab incision) it is of importance, that MRI presents an
effective non-invasive diagnostic tool confirming the
transection of the ACL as well as delineating the extent of
removal of the medial meniscus, especially of the posterior
horn. Its use could help to minimize data inconsistencies
due to surgical failure.
In the time window investigated, both surgical models
mimicked important characteristics of post-traumatic OA in
man, such as synovial effusion, formation of osteophytes,
and meniscal deterioration. These gross pathologic
features were clearly discernible by MRI. We were able to
monitor the time course of disease progression in single
rabbits. At two weeks after surgery the pronounced overall
signal enhancement, the soft tissue swelling, and the joint
effusion of the operated knees were the most striking
observations. The decline of the synovial effusion with
time was clearly seen on MR images. Osteophytes were
identified at 8 weeks after surgery at the medial and lateral
joint margins. As 2D scans did not cover the same extent of
the joints as 3D scans, and as 3D scans were only
performed up to 4 weeks after ME, the sensitivity for
detecting osteophytes can not be compared between the
two protocols. The number of false-negative findings for
meniscus and cruciate ligament integrity is probably due
to the limited slice thickness in 2D datasets. Diagnostic
performance of 2D and 3D MR protocols for detecting
cartilage lesions was rather disappointing. The most
severely affected medial tibia plateaus were detected by
MR. However, macroscopic and histologic examination of
articular cartilage integrity revealed that the animal models
used here really resembled pathologic alterations of begin-
ning OA. Articular cartilage surface alterations consisted of
roughening and fibrillation without loss of height of the
cartilage layer in most of the operated knees. Additionally,
the MR contrast between the articular cartilage surface and
synovial fluid was good at 2 weeks after surgery, but with
declining synovial effusion at 4 and 8 weeks after surgery
the so called arthrography effect of the high signal synovial
fluid faded. Diminished proteoglycan specific histologic
staining underlined the fact that pathology mainly affected
cartilage composition and collagen ultrastructure.
In contrast to the study by Calvo et al.17, we did not
observe alterations in tibial cartilage thickness as a conse-
quence of surgical intervention. They investigated articular
cartilage thickness in the weight-bearing areas of the
femorotibial rabbit knee joint at 0, 2, 4, 6, 8, and 10 weeks
after partial medial meniscectomy at 1.5 T. Calvo et al.
noted that the overall articular cartilage thickness tended to
increase with time. However, with the employed in plane
resolution of 195 µm2, thickness changes in sagittal images
were only in the range of half a pixel size. Given the small
size of joint structures in the rabbit knee, the sensitivity of
this study was probably reduced by the limited resolution of
the 2D method with a slice thickness of 1 mm. The tibial
medial plateau of the adult rabbits generally had a slightly
swollen appeareance in both operated and contralateral
control knees. However, we did not perform a quantitative
examination. Accurate thickness determination would have
required 3D datasets, which were only available from four
animals in the present study.
Routine application of the MR technique for in vivo
assessing OA in rabbit models requires short scan times.
Instead of performing time-consuming T1 measure-
ments28,29,40,42,43 we therefore, implemented a T1w proto-
col to study the signal intensity of articular cartilage after
intravenous application of a contrast agent.The special
design of our coil permitted the scanning of both knees at
once. Consequently, we assessed relative signal intensity
changes quantitatively in operated vs contralateral control
knees. This was especially important since we did not
perform pre contrast scans. Despite the more prominent
occurrence of pathological alterations in the femoral com-
partment44, and accordingly the more prominent signal
modulations expected here, we focussed on articular carti-
lage of the tibial plateau in this study. This choice reflects
that tibial cartilage has a less pronounced surface curva-
ture than femoral cartilage, which is up to 400 µm thick, and
is thicker (up to 700 µm). Furthermore, the thickness of
femoral condyle cartilage is considerably heterogeneous
being lowest anterior, the area we depict when scanning
knees in the stretched position.
A significant increase in the tibial plateau cartilage signal
as compared to the contralateral knee at two weeks and the
persistance of the signal enhancement in most of the
animals reflected the loss of tissue integrity. In good agree-
ment, cartilage surface deteriorations were observed
macroscopically, and proteoglycan loss and surface fibril-
lation were confirmed histologically. Signal modulation later
than 2 weeks after surgery failed significance levels due to
Osteoarthritis and Cartilage Vol. 11, No. 12 899
the limited number of animals examined. The high inter-
individual variation of relative signal changes observed in
the present study could be attributed to ‘normally occurring’
surface irregularities, detected also in weightbearing areas
of non-operated knees of skeletally mature rabbits.
Contrast-enhanced MRI with GdDTPA was reported to
selectively reflect proteoglycan concentration in articular
cartilage6,28,29. However, the changes in signal intensity
cannot be selectively attributed to a loss of proteoglycans,
which was limited to the superficial and transitional zone,
and to focal areas of structural deterioration. Both, a
reduced proteoglycan content and superficial fibrillation
lead to an elevated signal intensity in the presence of
GdDTPA. The less homogeneous signal distribution within
articular cartilage was indicative for the macroscopically
and microscopically observed focal occurrence of lesions.
This was observed with the relative high in-plane resolution
of 68×138 µm2 and a slice thickness of 1 mm which con-
tradicts results reported by Bacic et al.45. They described a
homogeneous distribution of intraarticularly administered
GdDTPA within all joint structures of rabbit knees at 1.5 T,
at a resolution of 470×350 µm2, and 1.5 mm slice thick-
ness. The limited resolution may well have contributed to
the impression of even GdDTPA distribution these authors
state, as within the small dimensions of the rabbit knee, the
margins between articular cartilage surface and synovial
fluid can easily be obscured at lower resolution.
The main limitations of this longitudinal study were
the small number of animals, and the fact that most of the
rabbits solely were scanned with the 2D protocols. The
additional implementation of a 3D protocol at least for
some rabbits clearly indicates the direction in which to
extend this preliminary study. The lower signal enhance-
ment over time determined in 3D datasets as compared to
2D datasets is indicative for an overestimation of signal
increase in the articular cartilage layer in close proximity to
the high signal from the synovial fluid of operated knee
joints. Due to smaller slice thickness, partial volume effects
were less pronounced in 3D datasets. Additionally,
T1weighting was less pronounced in the 3D protocol. Due
to the short scan time of 10 min there is a reasonable scope
for implementing a heavily T1w protocol without forfeiting
image quality by adding several aquisitions. Exact and
reproducible positioning between consecutive sessions, a
problem for 2D scans due to the massive soft tissue
swelling shortly after surgery, is not critical for 3D scans.
Post processing analysis permits the assessment of the
exactly same area of interest at every point in time, and an
area-matched examination of single slices for comparison
with histologic changes to better validate the assigned
pathology.
Conclusion
This investigation has demonstrated the potential of
contrast-enhanced MRI for monitoring the development of
degenerative changes induced by ACLT or ME in rabbit
knee joints. The technique effectively provided an assess-
ment of the functional state of otherwise inaccessible
tissues in vivo at a very early disease stage. Although
articular cartilage contour abnormalities were not reliably
detected by qualitative visual evaluation, the signal
increase in T1w images was indicative for loss of tissue
integrity as early as two weeks after surgery. High spatial
resolution and image contrast are the main issues for
accurately visualizing changes associated with joint
degeneration. The routine implementation of 3D protocols
should help to overcome the limitations addressed. These
data strengthen the position of contrast-enhanced MRI as a
promising tool for the assessment of disease onset and
progression, to determine the schedule of a therapeutic
intervention, and to document therapeutic effects in OA
animal models.
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